The non-canonical NF-κB pathway is an important arm of NF-κB signaling that predominantly targets activation of the p52/RelB NF-κB complex. This pathway depends on the inducible processing of p100, a molecule functioning as both the precursor of p52 and a RelB-specific inhibitor. A central signaling component of the non-canonical pathway is NF-κB-inducing kinase (NIK), which integrates signals from a subset of TNF receptor family members and activates a downstream kinase, IκB kinase-α (IKKα), for triggering p100 phosphorylation and processing. A unique mechanism of NIK regulation is through its fate control: the basal level of NIK is kept low by a TRAF-cIAP destruction complex and signal-induced non-canonical NF-κB signaling involves NIK stabilization. Tight control of the fate of NIK is important, since deregulated NIK accumulation is associated with lymphoid malignancies.
Introduction
NF-κB forms a family of transcription factors that participates in various biological processes, including immune response, inflammation, cell growth and survival, and development [1, 2] . Mammalian NF-κB family is composed of five members, including RelA (also named p65), RelB, c-Rel, NF-κB1 p50, and NF-κB2 p52, which form various dimeric complexes that transactivate numerous target genes via binding to the κB enhancer. The NF-κB proteins are normally sequestered in the cytoplasm by a family of inhibitors, including IκBα and other related ankyrin repeat-containing proteins. NF-κB1 and NF-κB2 are translated as precursor proteins, p105 and p100, which contain an IκB-like C-terminal portion and function as NF-κB inhibitors. Proteasome-mediated processing of p105 and p100 not only produces the mature NF-κB1 and NF-κB2 proteins (p50 and p52) but also results in disruption of the IκB-like function of these precursor proteins [3] .
Canonical NF-κB pathway of NF-κB activation relies on inducible degradation of IκBs, particularly IκBα, leading to nuclear translocation of various NF-κB complexes, predominantly the p50/RelA dimer [1, 2] (Figure 1 ). The degradation of IκBα is mediated through its phosphorylation by the IκB kinase (IKK), a trimeric complex composed of two catalytic subunits, IKKα and IKKβ, and a regulatory subunit, IKKγ (also named NF-κB essential modulator or NEMO). In addition to this welldefined canonical pathway, other mechanisms exist to mediate activation of more specific NF-κB members [3] . In particular, a non-canonical NF-κB pathway activates the RelB/p52 NF-κB complex using a mechanism that relies on the inducible processing of p100 instead of degradation of IκBα ( Figure 1 ). Genetic evidence suggests that this NF-κB pathway regulates important biological functions, such as lymphoid organogenesis, B-cell survival and maturation, dendritic cell activation, and bone metabolism [4] . Moreover, deregulated non-canonical NF-κB signaling is associated with lymphoid malignancies. Therefore, better understanding of the mechanism regulating non-canonical NF-κB activation has important therapeutic values. It is increasingly clear that this pathway of NF-κB activation differs significantly from the canonical NF-κB pathway in its signaling mechanisms. This review will focus on the molecular mechanisms by which non-canonical NF-κB signaling pathway is regulated under physiological and pathological conditions. way came from the study of p100 processing [5] . In addition to serving as the precursor of p52, p100 functions as an IκB-like molecule, preferentially inhibiting RelB nuclear translocation [6] . Thus, the processing of p100 serves to both generate p52 and induce the nuclear translocation of the RelB/p52 heterodimer [7, 8] . In contrast to the constitutive and cotranslational processing of p105 [9] , the processing of p100 is tightly regulated by both positive and negative domains [5] . In most cell types, p100 is the predominant product of nfκb2, suggesting a lack of active processing of this precursor [10] . Similarly, overexpressed p100 is barely converted to p52 in mammalian cells, as opposed to the constitutive production of p50 from p105 [5, 9] . However, p52 is actively generated in specific cell types, such as B cells, leading to the idea that p100 processing might be a signal-regulated event. Indeed, the NF-κB-inducing kinase (NIK) induces p100 processing in transfected cells and is required for in vivo p100 processing in splenocytes [5] . Moreover, endogenous p100 processing can be induced by various receptor signals in a NIK-dependent manner [7, [11] [12] [13] [14] .
Regulation by site-specific p100 phosphorylation
The C-terminal region of p100 (p100C) has a so-called NIK-responsive domain (Figure 2 ), since it is essential for NIK-induced p100 processing [5] . This region of p100 contains two serine residues, S866 and S870, which resemble the phosphorylation site of IκBα [15] . Mutation of one or both of these serines completely abolished the inducible processing of p100 [5, 16] . Initial in vitro kinase assays, using NIK immune complexes isolated from transfected HEK 293 cells, identified these two serines as potential phosphorylation sites of p100 [5] . This finding was later on confirmed by immunoblotting assays using phospho-specific anti-p100 antibodies [16] . In both NIK-transfected 293 cells and signal-induced B cells and fibroblasts, the serines 860 and 870 of endogenous p100 are strongly phosphorylated. As seen with the induction of p100 processing [11, 17] , the signal-induced p100 phosphorylation is dependent on de novo protein synthesis [16] , and the potential underlying mechanism will be discussed in a following section.
Regulation by ubiquitination
NIK-induced p100 processing is associated with its ubiquitination [5] . The amino-acid sequence of the p100 Figure 1 Canonical and non-canonical NF-κB signaling pathways. Canonical pathway is triggered by numerous signals, including those mediated by innate and adaptive immune receptors. It involves activation of IKK complex by Tak1, IKK-mediated IκBα phosphorylation, and subsequent degradation, resulting in rapid and transient nuclear translocation of the prototypical NF-κB heterodimer RelA/p50. Non-canonical NF-κB pathway relies on phosphorylation-induced p100 processing, which is triggered by signaling from a subset of TNFR members. This pathway is dependent on NIK and IKKα, but not on the trimeric IKK complex, and mediates the persistent activation of RelB/p52 complex.
www.cell-research.com | Cell Research Shao-Cong Sun 73 npg phoshorylation site resembles the binding sequence of βTrCP [15] , substrate-binding subunit of the SCF βTrCP ubiquitin ligase [18] . NIK induces the binding of βTrCP to p100, which is dependent on the two conserved serine phosphorylation residues, serines 866 and 870 ( Figure 2 ). In vitro binding assays using phospho-peptides further confirmed that phosphorylation of the conserved serine residues within the phoshorylation site of p100 creates a binding site for βTrCP [16] . Consistent with these findings, βTrCP knockdown by RNAi attenuates NIKinduced p100 ubiquitination and processing, thus establishing SCF βTrCP as a ubiquitin ligase mediating the inducible processing of p100 [15] . A lysine (K) residue, K856, located upstream of the phosphorylation site of p100 serves as the ubiquitin acceptor site [19] (Figure 2 ). This location, upstream of and adjacent to the phosphorylation residues of p100, is analogous to the ubiquitination site (K22) of IκBα [20] . Mutation of K856 of p100 attenuates its inducible ubiquitination and processing [19] .
The post-ubiquitination events involved in p100 processing are poorly understood. Proteasome recognition of ubiquitinated proteins is generally mediated by ubiquitin receptor proteins located in the base of the 19S regulatory particle [21] . Interestingly, p100 also interacts with a protein, S9 (also known as PSMD11), located in the lid of the 19S regulatory particle [22] . The binding of S9 to p100 is greatly promoted by NIK and dependent on p100 ubiquitination. However, S9 does not seem to recognize the ubiquitin chains but rather binds to the death domain (DD) of p100. It is possible that ubiquitination of p100 may cause a conformational change, thereby facilitating the binding of S9 to the DD. The p100/S9 interaction is important for NIK-induced p100 processing [22] , although it is unclear whether this interaction contributes to the proteasome recruitment of p100 or the translocation of p100 to the catalytic chamber of the 20S proteasome particle.
Regulation by sumoylation
Sumoylation is a posttranslational mechanism of protein modification that regulates diverse biological processes, such as protein-protein interaction, protein ubiquitination, protein phosphorylation, and gene transcription [23] . A recent study suggests the involvement of p100 sumoylation in the regulation of its ubiquitination and processing [24] . In cell lines and MEFs (murine embryonic fibroblasts), a proportion of p100 is constitutively conjugated with SUMO1. Mutation of the putative sumoylation sites of p100 or RNA interference-mediated knockdown of the SUMO-conjugating enzyme Ubc9 attenuates the inducible processing of p100. It appears that the basal sumoylation of p100 is required for its phosphorylation both in vivo and in vitro, although the underlying mechanism is unknown [24] . Since protein Figure 2 Positive and negative domains regulating p100 processing. The tight control of p100 processing requires its DD as well as ARD, which serve as negative regulatory domains. The NRD, responsible for p100 inducible processing, contains a phospho-degron that is phosphorylated by IKKα and bound by βTrCP of the SCF βTrCP ubiquitin ligase complex. sumoylation may create binding sites for protein-protein interactions, it is intriguing to examine whether p100 sumoylation facilitates its binding by IKKα or NIK.
Suppression of constitutive processing
As mentioned above, p100 barely undergoes constitutive processing. This tightly regulated nature of p100 is due to the processing-suppressive function of its Cterminal portion [5, 25] . This portion contains a processing inhibitory domain (PID) as well as the ankyrin repeat domain (ARD). The PID is notable for covering the sequence that forms a DD (Figure 2 ). Disruption of either the DD or the ARD leads to constitutive processing of p100 [26] . As will be discussed later, the presence of a negative regulatory mechanism in p100 processing may be critical for maintaining the normal biological function of this NF-κB precursor. Since p100 functions as an IκB-like molecule, uncontrolled p100 processing would result in both overproduction of p52 and disruption of its IκB function.
Although how the DD and ARD inhibit p100 processing is incompletely understood, the ARD is known to interact with the Rel-homology domain (RHD) that forms the N-terminal portion of p100. It is thus likely that the ARD, possibly with the help of DD, interacts with the Nterminal RHD of p100, thereby forming a three-dimensional structure that prevents constitutive processing of p100. Regarding the underlying mechanism, formation of such a three-dimensional structure would mask the nuclear localization signal of p100, which in turn appears to serve as a critical mechanism that prevents constitutive processing of p100 [26] . Strong biochemical evidence suggests that nuclear translocation of p100∆C mutants is required for their constitutive processing [26] .
Why do p100∆C mutants have to be in the nucleus for their constitutive processing? One possibility is that some critical factors mediating constitutive p100 processing are located in the nucleus. For example, a number of ubiquitin ligases, including SCF βTrCP , are predominantly localized in the nucleus [27] [28] [29] [30] [31] . Although SCF βTrCP is dispensable for constitutive processing of p100 [15] , the possibility for the involvement of another nuclear ubiquitin ligase(s) in this molecular event cannot be excluded. It is also likely that the proteasome targeting or processing of p100∆C mutants requires a nuclear factor. In this regard, a recent study suggests that the constitutive processing of p100∆C mutants requires their binding to promoter DNA via κB sites [32] . This study also reveals that the constitutive p100 processing is initiated by a proteasome-mediated endoproteolytic cleavage at a specific residue (aspartic acid 415) of p100∆Cs. Thus, formation of a stable complex with DNA may promote the exposure of the endoproteolytic site and/or facilitate the insertion of p100 C-terminal portion to the catalytic chamber of the proteasome [32] . This idea is also supported by the finding that proteolysis of RelA is triggered by its association with κB-specific promoter DNAs [33] .
NIK and IKKα as key non-canonical NF-κB signaling components
The intracellular signaling components mediating non-canonical NF-κB activation differ significantly from those involved in canonical NF-κB activation, which is why most of the canonical NF-κB inducers are incapable of stimulating p100 processing. As mentioned above, the first component of the non-canonical NF-κB signaling pathway to be identified is NIK [5] , a MAP kinase kinase kinase (MAP3K) member that was originally implicated in NF-κB activation by the TNF receptor (TNFR) pathway [34] . NIK gene mutation in the alymphoplasia (aly) or NIK knockout mice, however, has no obvious effect on TNFα-stimulated NF-κB activation, but completely blocks the processing of p100 [5, 35, 36] . Consistently, NIK stimulates the phosphorylation, ubiquitination, and processing of p100 in transfected cells [5, 16] . To date, all of the non-canonical NF-κB inducers identified so far are known to signal through NIK [7, [11] [12] [13] [14] . These findings establish NIK as a signal integrator and, thus, a central component of the non-canonical NF-κB pathway.
Although NIK stimulates p100 phosphorylation in vivo, recombinant NIK is unable to directly phosphorylate p100 in vitro [16, 37] . NIK functions through activation of a downstream kinase, IKKα [37] . Whereas IKKβ and IKKγ are essential components of the canonical NF-κB pathway, IKKα, but not IKKβ or IKKγ, is required for non-canonical NF-κB signaling [11, 12, 16, 37] . Thus, inactivation of IKKα in mice leads to phenotypes that are similar, although not identical, to those seen in the aly mice or NIK knockout mice, including impaired B-cell maturation and lymphoid organogenesis [37, 38] . However, how precisely IKKα regulates non-canonical NF-κB signaling is incompletely understood. Compared with NIK, IKKα is much less effective in inducing p100 processing [5] . It appears that NIK not only activates IKKα but also promotes the binding of IKKα to its substrate p100 [39] . It also remains possible that NIK induces additional signaling factor(s) that act(s) cooperatively with IKKα in the induction of effective p100 processing.
In vitro kinase assays reveal that serines 866 and 870 of p100 are surprisingly dispensable for p100C phsophorylation by recombinant IKKα [39] . Instead, mutation of serine 872 abolishes IKKα-mediated in vitro phsophorylation of p100C. Although these in vitro studies suggest
npg serine 872 as the phosphorylation site of IKKα, in vivo phosphorylation analyses of p100 using phospho-specific antibodies reveal serines 866 and 870 as the major phosphorylation sites of p100 in both IKKα-and NIK-expressing cells [16] . These two serines are also phosphorylated in cells stimulated with the non-canonical NF-κB inducers. It is currently unclear whether IKKα has different specificities under in vitro and in vivo conditions or IKKα stimulates another kinase that phosphorylates serines 866 and 870 in vivo. In any case, since mutation of serine 872 only weakly affects the ubiquitination and processing of p100 [16, 39] , this in vitro IKKα target site may not be the major functional phosphorylation site of p100. Clearly, precisely how IKKα and NIK induce p100 processing needs to be clarified by additional studies.
Receptors eliciting non-canonical NF-κB signaling
In contrast to the canonical NF-κB signaling pathway, which responds to signals elicited by diverse receptors, the non-canonical NF-κB pathway is targeted by a specific set of receptors [40] . To date, the best-characterized non-canonical NF-κB receptors are a subset of TNFR superfamily members, including B-cell-activating factor belonging to TNF family receptor (BAFFR) [11, 13] , CD40 [7] , lymphotoxin β-receptor (LTβR) [12] , receptor activator for nuclear factor κB (RANK) [14] , TNFR2 [41, 42] , Fn14 [43, 44] , etc. These receptors each mediate specific biological roles of the non-canonical NF-κB. A common feature of the non-canonical NF-κB-stimulating receptors is the possession of a TRAF-binding motif, which recruits different TRAF members, particularly TRAF2 and TRAF3, to the receptor complex during ligand ligation [45] . The receptor recruitment of these TRAF members is important for triggering their degradation, a critical step leading to the activation of NIK and induction of p100 processing [46] .
LTβR
LTβR is a TNFR superfamily member that is expressed in lymphoid stromal and epithelial cells and binds to two different ligands: lymphotoxin and LIGHT (homologous to lymphotoxin, exhibits inducible expression and competes with HSV glycoprotein D for herpes virus entry mediator, a receptor expressed by T lymphocytes) both being primarily expressed in lymphocytes [47] . A major function of LTβR is to mediate the development and maintenance of peripheral lymphoid organs. The lack of lymph nodes and Peyer's patches in aly mice, which harbor NIK gene mutation [35] , suggests a connection between LTβR and NIK activation. The initial evidence for the involvement of LTβR in NIK activation was provided by a transient transfection study, in which overexpressed LTβR strongly promotes NIK-mediated p100 processing [5] . This finding was then confirmed by a separate study demonstrating the induction of NIK-and IKKα-dependent p100 processing in embryonic fibroblasts stimulated through LTβR ligation [12] . The cytoplasmic domain of LTβR contains motifs that associate with several TRAF members, including TRAF2, 3, and 5, thereby stimulating both the canonical and non-canonical NF-κB pathways [47] . The LTβR-mediated non-canonical NF-κB signaling pathway is required for induction of a number of chemokines, such as SLC, ELC, BLC, and SDF-1a, which are required for organization of lymphoid organs and lymphocyte homing to peripheral lymphoid tissues [12] .
BAFFR
The second TNFR family member found to stimulate p100 processing is BAFFR [11, 13] , which is predominantly expressed in B cells, and plays an important role in mediating the survival and maturation of peripheral B cells [48] . BAFFR differs from many other TNFR superfamily members in that it predominantly activates the non-canonical NF-κB signaling pathway with only weak activity in the induction of canonical NF-κB pathway [11, 49] . This unique feature of BAFFR is primarily due to its possession of an atypical TRAF-binding sequence, which interacts with TRAF3 but not with TRAF2 [49] . Thus, BAFFR crosslinking triggers degradation of TRAF3, but not TRAF2, as opposed to the degradation of both TRAFs by many other TNFRs. As will be discussed in a following section, degradation of TRAF3 is sufficient for triggering non-canonical NF-κB signaling. However, recruitment of TRAF2 is required for activation of the canonical NF-κB pathway. Indeed, a two-amino-acid substitution that converts this atypical TRAF-binding motif of BAFFR to a typical TRAF-binding motif renders BAFFR competent in binding TRAF2 and inducing canonical NF-κB activation [49] . BAFFR-mediated induction of p100 processing contributes to the survival of transitional and mature B cells, probably through induction of anti-apoptotic genes like bcl-2 and bcl-x [11] .
CD40
CD40 is a TNFR member that is expressed on various cell types, including B cells, dendritic cells, monocytes, endothelial epithelial cells, and neurons [50] . The ligand of CD40, CD40L (also known as CD154), is primarily expressed by activated T cells. In the immune system, a major function of CD40 signaling is to regulate B-cell activation and differentiation events, including proliferation and survival of activated B cells, germinal center formation, and antibody isotype switching. Another major function of CD40 is to mediate dendritic cell maturation and antigen presentation. Unlike BAFFR, CD40 elicits strong signals that target both the canonical and non-canonical NF-κB pathways. Upon ligation by CD40L, CD40 interacts via two different TRAF-binding motifs with several TRAF members, including TRAF1, 2, 3, 5, and 6, and this leads to proteolysis of both TRAF2 and TRAF3 [51, 52] . As mentioned above, the degradation of TRAF2 and TRAF3 represents an important step in the activation of the non-canonical NF-κB signaling pathway [46] .
RANK
RANK is best known for its role in osteoclastogenesis, but it also regulates important immune functions, such as dendritic cell survival and lymphoid organogenesis [53] . RANK is expressed on osteoclast precursors, dendritic cells, and activated B cells, and in general, RANK signaling promotes cell survival and differentiation. As seen with CD40, the cytoplasmic domain of RANK binds TRAF1, 2, 3, 5, and 6 and mediates activation of both canonical and non-canonical NF-κB signaling pathways. Genetic evidence suggests an essential role for RANKstimulated activation of non-canonical NF-κB activation in osteoclastogenesis and bone metabolism [14, 54] .
Fn14
Fn14 serves as the receptor of TNF-like weak inducer of apoptosis (TWEAK) [55] , which is known to activate canonical and non-canonical NF-κB pathways [43, 56] . The cytoplasmic domain of Fn14 contains a TRAF-binding motif capable of associating with TRAF1, 2, 3, and 5 [55, 56] . Like the other non-canonical NF-κB-stimulating receptors, TWEAK/Fn14 binding induces NIK activation through targeting the degradation of TRAF members, particularly TRAF2 [57] . It has also been suggested that TWEAK may induce the degradation of cIAP1 and cIAP2, major components of a NIK ubiquitin ligase complex [58] (discussed in the following section).
Other receptors
Several other TNFR family members have been shown to induce p100 processing; these include TNFR2 [41, 42] , CD30 [59, 60] , and CD27 [61] . In addition, a toll-like receptor (TLR) member, TLR4, may have a role in non-canonical NF-κB signaling, since its ligand LPS induces p100 processing in a B-cell line [17] . However, it is important to note that compared with the typical non-canonical NF-κB stimuli, LPS is a weaker inducer of p100 processing. It is unclear whether this function of LPS is executed through activation of NIK and IKKα or indirectly mediated by inducing the synthesis of a NIK/ IKKα activator. Nevertheless, the former possibility is supported by a recent finding that LPS stimulates NIK phoshorylation [62] .
Controlling NIK stability as a central point of noncanonical NF-κB signaling
Signal transduction is usually regulated by catalytic activation/inactivation of central signaling components. However, a unique feature of the non-canonical NF-κB signaling pathway is its dependence on the steady level of NIK expression. The level of NIK is controlled largely through its ubiquitin-dependent degradation.
Negative regulation of NIK by TRAF3
Under normal conditions, the steady level of NIK protein is extremely low, which is apparently due to its constant degradation targeted by a ubiquitination-dependent mechanism [63] . A major player of this negative regulatory mechanism is TRAF3, which was identified as a NIK-binding protein in a yeast two-hybrid screening [63] . TRAF3 interacts with an N-terminal domain of NIK containing a novel sequence motif, ISIIAQA. Through this molecular interaction, TRAF3 targets NIK for constant ubiquitination and proteasomal degradation ( Figure 3A) . This negative regulatory mechanism may ensure that the steady level of NIK is kept at an extremely low level, thus preventing signal-independent processing of p100. TRAF3 knockdown by RNAi or TRAF3 knockout by gene targeting is sufficient for triggering NIK accumulation and constitutive p100 processing [63, 64] . This finding suggests that the signaling function of NIK is primarily regulated through the steady level of this protein, which is in turn subject to control by the negative regulator TRAF3.
Binding of TRAF3 to the N-terminal domain of NIK is essential for controlling NIK function, since deletion of the core sequence (ISIIAQA) of the TRAF3-binding domain generates a NIK mutant (NIK∆78-84) that is completely insensitive to TRAF3-mediated negative regulation. This NIK mutant is stably expressed even in the presence of TRAF3, thus functioning as a constitutively active NIK [63] . Transgenic mice expressing the TRAF3-uncoupled NIK mutant in B cells display maximal p100 processing, leading to B-cell hyperplasia even in the absence of the BAFFR signal [65] .
TRAF3 as a component of a multi-subunit NIK ubiquitin ligase
Although TRAF3 induces NIK ubiquitination and degradation in vivo, TRAF3 has no intrinsic function to www.cell-research.com | Cell Research Shao-Cong Sun 77 npg catalyze the formation of K48-linked ubiquitin chains, and it was thus speculated that TRAF3 might function as a critical component of an ubiquitin ligase mediating NIK ubiquitination [63] . Indeed, several recent studies demonstrate that the NIK ubiquitination involves a multi-subunit ubiquitin ligase complex composed of TRAF3, TRAF2, and cIAP1 (or cIAP2, hereafter named cIAP1/2) [58, [66] [67] [68] . Within this NIK ubiquitin ligase complex (hereafter named T3-T2-cIAP E3 complex), TRAF2, but not TRAF3, directly interacts with cIAP1/2. TRAF3, connected to cIAP1/2 via dimerization with TRAF2, serves as an adaptor to recruit this multi-subunit E3 complex to NIK ( Figure 3A) . Thus, negative control of NIK function requires all three molecular components of the T3-T2-cIAP complex. Notably, genetic deficiencies in TRAF2 or TRAF3, or degradation of cIAP1/2 by specific antagonists, lead to accumulation of NIK and aberrant p100 processing [64, 69, 70] . The importance of NIK negative regulation is underscored by the recent finding that genetic deficiencies in the T3-T2-cIAP E3 components or NIK gene amplification are associated with aberrant non-canonical NF-κB activation and B-cell malignancies, particularly multiple myeloma [71, 72] .
Receptor-stimulated NIK stabilization
A hallmark of non-canonical NF-κB signaling is the requirement of de novo protein synthesis [11, 16] . Although the precise mechanism by which protein synthesis regulates p100 processing remains incompletely understood, emerging evidence suggests the requirement of NIK synthesis and accumulation during the induction of non-canonical NF-κB signaling. An initial study demonstrates that induction of p100 processing in B cells involves persistent degradation of TRAF3, which is coupled with marked increase in NIK steady level [63] . The NIK accumulation is obviously a result of both its stabilization and de novo synthesis. Since the level of NIK is extremely low in unstimulated cells, the signal-induced In response to receptor crosslinking, TRAFs and cIAP1/2 are recruited to the receptor, where cIAP1/2 ubiquitinates TRAF2 and TRAF3 and stimulates their degradation. ZFP91 mediates K63 ubiquitination of NIK, which may promote stability and catalytic activity of NIK. (C) Accumulated NIK activates IKKα, which in turn phosphorylates p100, leading to p100 processing. IKKα also phosphorylates NIK to promote NIK degradation, a feedback mechanism that may control the magnitude of NIK activation. NIK accumulation is likely an essential step for triggering the downstream signaling events in non-canonical NF-κB pathway. In further support of this idea, protein synthesis is also essential for signal-induced p100 phosphorylation [16] .
Strong evidence suggests that disruption of the T3-T2-cIAP E3 complex is sufficient for triggering noncanonical NF-κB signaling. Germ line inactivation of either TRAF2 or TRAF3 leads to NIK accumulation and constitutive p100 processing [64, 69, 70] . Similar effect is seen in cells treated with the cIAP1/2 antagonists, which induce the degradation of cIAP1 and cIAP2 [58, 67] . Thus, signal-induced disruption of the T3-T2-cIAP complex is a critical mechanism mediating non-canonical NF-κB activation. This idea is consistent with the finding that receptor-mediated non-canonical NF-κB activation is associated with degradation of TRAF3 and/or TRAF2.
Recent studies have provided important insights into the mechanism by which receptor signals induce the degradation of TRAF2 and TRAF3. A study using BAFFR and CD40 suggests that recruitment of these TRAF members to the receptor complex is essential for their degradation [49] . CD40 contains a typical TRAF-binding motif capable of recruiting both TRAF2 and TRAF3, whereas BAFFR contains an atypical TRAF-binding motif that selectively recruits TRAF3. Consequently, ligation of CD40 leads to degradation of both TRAF2 and TRAF3, whereas ligation of BAFFR leads to degradation of only TRAF3. A two-amino-acid substitution to convert the atypical TRAF-binding motif of BAFFR to a typical TRAF-binding motif renders the modified BAFFR capable of recruiting and degrading both TRAF2 and TRAF3 [49] . More recent studies reveal that the inducible degradation of TRAF2 and TRAF3 is mediated through their ubiquitination by cIAP1 and cIAP2 [66] . Thus, cIAP1/2 targets NIK for ubiquitination and degradation under unstimulated conditions but redirects its destructive action toward TRAF2 and TRAF3 in response to receptor signals ( Figure 3B) . A crucial trigger for this substrate switch seems to be the receptor recruitment of cIAP1/2 along with the TRAFs. Within the receptor complex, TRAF2 stimulates the K48-ubiquitin ligase function of cIAP1/2 by mediating conjugation of K63-linked ubiquitin chains to cIAP1 and cIAP2 [66] . This finding explains why signal-induced degradation of TRAF3 requires TRAF2 [73] .
Other potential mechanisms of NIK activation
NIK belongs to the family of MAP3Ks that are known to be activated through T-loop phosphorylation. One major remaining question is whether NIK activation is also triggered by its phosphorylation, as seen with other MAP3Ks. This possibility is suggested by the finding that T559 phoshorylation of NIK is required for its activity [74] . However, the T559 phosphorylation of NIK is likely mediated by autophosphorylation, which could be triggered through NIK protein accumulation by the mechanism discussed above. On the other hand, emerging evidence indicates that NIK may also be activated by mechanisms independent of its protein accumulation. For example, induction of p100 processing by CD27 involves recruitment of NIK to the receptor complex [61] . The receptor recruitment of NIK would increase its local concentration and thus may trigger its autophosphorylation without the need of increased NIK expression. It is possible that such a mechanism of NIK activation occurs during the early phase of non-canonical NF-κB signaling, whereas NIK accumulation may contribute to the sustained non-canonical NF-κB signaling. However, it is also possible that NIK activation by certain receptor signals, or within specific cell types, solely relies on the early phase mechanism. In this regard, a recent study suggests that LPS stimulates NIK phoshorylation without altering its expression level [62] . It is unknown whether NIK is recruited to TLR4 or the MyD88 signaling complex. Rapid NIK phosphorylation is also stimulated by the T-cell receptor (TCR)/CD28 signals or T-cell mitogens through a PKCθ-dependent mechanism [75] . Since the TCR/CD28 signals and T-cell mitogens do not stimulate an appreciable level of p100 processing [75, 76] , it is currently unclear whether TCR-stimulated NIK phosphorylation is linked to weak non-canonical NF-κB signaling or some other functions. An example regarding the latter possibility is that NIK promotes TCR-stimulated STAT3 phosphorylation, thereby regulating the differentiation of the Th17 subset of CD4 T cells [77] .
Feedback regulation of NIK by IKKα
A hallmark of the non-canonical NF-κB signaling pathway is its persistent kinetics, which differs from the transient nature of the canonical NF-κB pathway. However, the magnitude of the non-canonical NF-κB signaling appears to be subject to feedback regulation. It is notable that the signal-induced non-canonical NF-κB signaling involves persistent degradation of the T3-T2-cIAP E3 components (TRAF3 and/or TRAF2) [63, 78] , although the accumulation of NIK is stopped early on and maintained at a steady level during the noncanonical NF-κB signaling [78] . This is largely due to a feedback mechanism of NIK regulation mediated by its downstream kinase, IKKα [78] . Upon activation by NIK, IKKα phosphorylates NIK, triggering its proteolysis [78] ( Figure 3C ). Thus, in IKKα-deficient cells, NIK is continuously accumulated in response to non-canonical NF-
npg κB inducers. The IKKα-mediated feedback regulation of NIK appears to control the magnitude of NIK activation but cannot replace the T3-T2-cIAP E3 complex for controlling the basal level of NIK. This is why disruption of the T3-T2-cIAP E3 complex leads to NIK accumulation and constitutive p100 processing, even in the presence of wild-type IKKα. Thus, NIK stability, and thus noncanonical NF-κB signaling, are controlled by both basal and feedback mechanisms [46] .
Novel factors implicated in the regulation of noncanonical NF-κB signaling
To date, the best-characterized components of the non-canonical NF-κB signaling pathway include NIK and IKKα, as well as the T3-T2-cIAP1/2 NIK ubiquitin ligase complex. However, several additional factors have recently been implicated in the regulation of non-canonical NF-κB activation. These novel factors are mostly involved in the regulation of NIK or IKKα.
NIK regulators
One potential negative regulator of NIK is TRAF-and NIK-associated protein (TNAP), which was identified by yeast two-hybrid screen of an adult human brain cDNA library using NIK as bait [79] . The isolated TNAP clone encodes the C-terminal 140 amino acids of a truncated protein. TNAP interacts with NIK, TRAF2, and TRAF3, but it does not bind IKKα or IKKβ. Transfected TNAP inhibits the kinase activity of NIK and suppresses the induction of both p100 processing and canonical NF-κB activation. Whether TNAP has a physiological role in regulating canonical or non-canonical NF-κB signaling and how TNAP possibly regulates NIK activity remain unknown. Notably, Blast search reveals significant sequence homology between TNAP and the dynein axonemal heavy chain protein (data not shown). Clearly, additional work is required to further assess the role of this novel protein in NF-κB signaling.
Another negative regulator of NIK is Monarch-1 (also named NLRP12), a member of the NLR/CATERPILLER family of proteins characterized by the possession of nucleotide binding domain and leucine-rich repeats [80] . Monarch-1 suppresses CD40-stimulated p100 processing in the human monocytic cell line THP-1 [81] . Monarch-1 interacts with NIK in a CD40-inducible manner and induces NIK degradation through a proteasome-dependent pathway. Whether the NIK degradation by Monarch-1 involves the T3-T2-cIAP ubiquitin ligase complex is unknown. Furthermore, the physiological role of Monarch-1 in non-canonical NF-κB signaling is yet to be assessed, since the current finding is based on experiments using Monarch-1-transfected THP-1 cells [81] .
A positive regulator of NIK, zinc finger protein 91 (Zfp91), has recently been identified through microarray analysis of NF-κB-regulated genes [82] . Zfp91 physically associates with NIK, causes stabilization and activation of NIK, and induces p100 processing under overexpression conditions [82] . Zfp91 induces conjugation of K63-linked ubiquitin chains to NIK, which is associated with NIK phosphorylation at threonine 559 (T559), an activation loop phosphorylation site of NIK required for its catalytic activation [74] (Figure 3B) . Although Zfp91 lacks a typical E3 domain, it appears to have intrinsic ubiquitin ligase function, since purified Zfp91 catalyzes NIK ubiquitination in vitro [82] . It is currently unclear whether Zfp91-induced NIK ubiquitination directly triggers its kinase activity or promotes NIK activation indirectly through inhibition of NIK degradation. How Zfp91 regulates non-canonical NF-κB signaling function in vivo also awaits gene-targeting studies, although an essential role of Zfp91 in CD40-mediated NIK activation and p100 processing has been revealed by Zfp91 RNA interference experiments [82] .
Another potential non-canonical NF-κB signaling component is MALT1, a para-caspase initially identified as a component of antigen receptor-stimulated canonical NF-κB pathway [83, 84] . Unlike its essential role in TCR signaling, MALT1 is largely dispensable for canonical NF-κB activation by BCR [84] . Interestingly, MALT1 has recently been shown to regulate BAFFR-mediated p100 processing in B cells [85] . MALT1 physically interacts with TRAF3 and appears to induce degradation of this negative regulator of NIK. It appears that MALT1 functions as a scaffold that promotes cIAP1/2-mediated TRAF3 degradation upon BAFFR stimulation.
Bcl10, a partner protein of MALT1, has also been found to regulate non-canonical NF-κB signaling in LPS-stimulated human colonic epithelial cells based on studies using Bcl10 RNA interference [62] . In contrast to other regulators, Bcl10 does not regulate the level of NIK but rather promotes NIK phosphorylation. Furthermore, mice expressing an Emu-driven Bcl10 transgene exhibit constitutive non-canonical, as well as canonical, NF-κB activity in B cells [86] . However, the activation of non-canonical NF-κB, in this case, appears to be due to overproduction of the BAFFR ligand, BAFF, which in turn induces the activation of non-canonical NF-κB. Thus, Bcl10 may not be an intrinsic regulator of the noncanonical NF-κB pathway.
IKKα regulators
Based On overexpression experiments in cancer cell lines, a STAT family member, STAT3, was shown to in- duce p100 processing through activation of IKKα [87] . This function of STAT3 requires its acetylation by the CBP/p300 acetyltransferase. Whereas this finding is interesting, it is currently unclear whether endogenous STAT3 plays a role in mediating receptor-stimulated p100 processing or the constitutive p100 processing occurring in cancer cells. It is also unknown whether STAT3 directly activates IKKα or acts indirectly through inducing the expression of a non-canonical NF-κB-stimulating factor.
A recent study identified specific microRNAs, miR-223, miR-15a, and miR-16, as negative regulators of IKKα [88] . During the differentiation of human monocytes to macrophages, the expression level of these microRNAs is considerably decreased, leading to heightened IKKα expression and p52 generation from p100. In addition to IKKα stimulation, the monocyte differentiation also causes stabilization of NIK, although the underlying mechanism is unclear.
Nuclear regulators of p52/RelB
Strong evidence suggests that non-canonical NF-κB contributes to the induction of specific genes, such as several chemokines (SLC, BLC, ELC, SDF1) that are involved in lymphoid organogenesis [12] . The molecular mechanism governing the specificity of gene transcription by non-canonical NF-κB is elusive. It has been suggested that the promoter region of the noncanonical NF-κB target genes contains κB sites that are preferentially recognized by the non-canonical NF-κB dimer RelB/p52 [89] . However, this idea was later on challenged by an in vitro study, suggesting similar DNAbinding specificity of canonical and non-canonical NF-κB members [90] . Another possibility is the involvement of chromatin remodeling factors in the specific control of non-canonical NF-κB. In this regard, a recent study suggests that RelB/p52 is linked to the SWI/SNF chromatin remodeling complex via an adaptor protein, requiem [91] . In response to lymphotoxin stimulation, requiem forms a large complex with the SWI/SNF catalytic subunit, Brm, and RelB/p52, which is recruited to the promoter of the BLC gene. Consistently, both requiem and Brm are required for lymphotoxin-stimulated BLC gene expression. This finding suggests that the gene-specific function of RelB/p52 may involve recruitment of SWI/SNF by specific adaptors, such as requiem.
Deregulation of non-canonical NF-κB signaling
The processing of p100 regulates important physiological functions, including the survival and maturation of B cells, development of peripheral lymphoid organs, thymic deletion of autoimmune T cells, and bone metabolism. Thus, deregulated activation of the non-canonical NF-κB is associated with severe disorders, such as autoimmunity, inflammation, and osteoporosis. More importantly, aberrant non-canonical NF-κB signaling contributes to the development of lymphoid malignancies. The deregulation of non-canonical NF-κB signaling can be due to genetic alterations of the nfκb2 gene, which lead to structural changes in p100, or modulation of the noncanonical signaling components by pathogens.
Nfκb2 chromosomal translocations and loss of p100 PID
The importance of p100 in preventing abnormal lymphocyte growth was first suggested by the finding that nfκb2 gene is involved in chromosomal translocations in some lymphomas [92] . A common feature of the rearranged nfκb2 gene products is the lack of C-terminal PID of p100. In some cases, the C-terminal region is replaced with a heterologus gene product. As predicted from the p100 truncation studies, these rearranged nfκb2 gene products undergo constitutive processing [5] . It is likely that the deregulated processing of p100, along with additional mechanisms, contribute to the development of lymphoma. The pathological consequence of p100 disruption has also been revealed by a study using nfκb2 knockin mice that express p52 in the absence of p100 [93] . These mice display marked gastric and lymphoid hyperplasia and early postnatal lethality.
Deregulated NIK stabilization and expression
As discussed already, the steady level of NIK is normally low due to its negative regulation by the T3-T2-cIAP ubiquitin ligase complex; thus, mutation of any of the negative regulatory components of NIK can lead to its deregulated accumulation. Recent studies reveal aberrant NIK steady levels in a large proportion of multiple myeloma tumors and cell lines [71, 72, 94] . This in turn is due to mutations in TRAF2, TRAF3, cIAP1/2, as well as gain-of-function mutations in CD40 and NIK. Notably, in line with a study using TRAF3 knockout cells [95] , the NIK accumulation in multiple myeloma cells leads to activation of both non-canonical and canonical pathways [94] . These findings establish NIK as an attractive candidate target for drug therapies in the treatment of multiple myeloma and possibly other cancers.
Deregulated NIK gene transcription may also be a mechanism of its deregulation. It has been shown that the level of NIK mRNA is upregulated in adult T-cell leukemia (ATL) and Hodgkin Reed-Sternberg cells [96] . ATL is an acute T-cell malignancy caused by infection of the human T-cell leukemia virus type 1 (HTLV1). As will be discussed below, HTLV Tax protein activates non-81 npg canonical NF-κB via a NIK-independent mechanism. However, the deregulation of NIK may be important for constitutive non-canonical NF-κB activation in ATL cells with low or undetectable levels of Tax [96] .
Persistent activation by oncogenic viruses and bacteria
The involvement of non-canonical NF-κB in virusinduced tumorigenesis was first suggested by the finding that this pathway is targeted by the HTLV1-encoded oncoprotein Tax [76] . As indicated above, HTLV1 is the etiological agent of ATL, which occurs in a small percentage of HTLV1-infected individuals following many years of clinical latency [97] . Tax stimulates the activation of both canonical and non-canonical NF-κB pathways, which serves as an essential mechanism for HTLV1-mediated T-cell transformation [98] . The activation of non-canonical NF-κB by Tax is particularly unique for HTLV1-infected T cells, since normal T cells usually elicit only the canonical NF-κB pathway upon stimulation by the TCR signal [76] . In contrast to the cellular non-canonical NF-κB pathway, Tax induction of p100 processing does not seem to require NIK, since it is insensitive to a dominant-negative NIK mutant. Furthermore, the Tax-specific pathway requires the IKK regulatory subunit IKKγ in addition to IKKα [76] . This is because IKKγ functions as an adaptor of Tax and IKKα and is involved in the formation of a Tax-IKKα signaling complex. Formation of this Tax-specific signaling complex also requires physical interaction between Tax and p100. Thus, Tax-stimulated constitutive p100 processing may involve IKKα activation via a physical crosslinking mechanism. Consistently, Tax induction of p100 processing requires the phosphorylation sites, serines 866 and 870, of p100 [76] .
In addition to HTLV1, several other human oncogenic viruses activate NF-κB; these include the Kaposi's sarcoma-associated herpes virus (KSHV) and the Epstein Bar virus (EBV). KSHV is tightly associated with Kaposi's sarcoma, a cancer commonly seen in individuals infected with the human immunodeficiency virus [99] . In addition, KSHV is also found in several lymphoproliferative disorders, such as primary effusion lymphoma. KSHV encodes a viral homolog of the cellular FLICE inhibitor protein (FLIP), termed vFLIP, which functions as an anti-apoptotic protein. Like HTLV1 Tax, vFLIP stimulates both the canonical and non-canonical NF-κB pathway via a mechanism that involves interaction with IKKγ [99] . Binding of vFLIP to IKKγ induces the conversion of IKKγ from a helical bundle conformation to an open conformation, which is thought to contribute to the activation of IKK catalytic subunits [100] . Thus, like Tax, vFLIP activates the non-canonical NF-κB pathway via a NIK-independent and IKKγ-and IKKα-dependent mechanism.
EBV is known to persistently infect most healthy adults without normally causing overt diseases. However, accumulating evidence suggests that EBV may be associated with certain forms of lymphomas under immunodeficient conditions [99] . EBV-encoded LMP1 protein is a major viral activator of NF-κB that targets both the canonical and non-canonical pathways. Unlike the intracellular Tax and vFLIP proteins, LMP1 is a six membrane-spanning molecule that mimics a constitutively activated TNFR and thus persistently activates the NF-κB signaling pathways through TRAF proteins [101] . LMP1 contains two C-terminal activation regions (CTAR1 and CTAR2); whereas CTAR2 recruits TRAF6 and activates canonical NF-κB, CTAR1 recruits TRAF 1, 2, 3, and 5 and activates non-canonical NF-κB [101] . Similar to cellular receptors, LMP1 stimulates p100 processing via a NIK-and IKKα-dependent mechanism.
Herpesvirus ateles, a monkey virus inducing T-cell transformation, activates both canonical and non-canonical NF-κBs [102] . This virus encodes a transmembrane oncoprotein, Tio, which interacts with TRAF6 for canonical NF-κB activation. Tio-mediated non-canonical NF-κB activation is independent of TRAF6 or the canonical NF-κB signaling components IKKγ and IKKβ. Interestingly, Tio induces the stabilization of NIK, although the underlying mechanism is unknown.
Non-canonical NF-κB pathway is also known as a target of certain bacterial pathogens. One example is Helicobacter pylori, a Gram-negative bacterium that infects human gastric mucosa [103] . The H. pylori infection causes chronic gastric inflammation, which in turn promotes the development of gastric cancer [104] . H. pylori is known to induce canonical NF-κB activation in gastric epithelial cells via its virulence factor CagA, which activates IKK through stimulating K63 ubiquitination of the IKK-activating kinase Tak1 [105] . On the other hand, H. pylori induces the non-canonical NF-κB pathway in B cells, which is independent of CagA but dependent on LPS [103] . Precisely how the H. pylori LPS stimulates non-canonical NF-κB signaling is unknown, although this action requires NIK and IKKα [103] . Another bacterial pathogen known to stimulate both the canonical and non-canonical NF-κB pathways is Legionella pneumophila, a pathogen that infects alveolar lung macrophages and causes Legionnaire's disease [106] . In contrast to the other NF-κB-inducing microbes, L. pneumophila activates NF-κB independently of IKKs and other cellular signaling components. Instead, it encodes a kinase, LegK1, which phosphorylates IκBα and p100, leading to the activation of canonical and non-canonical NF-κB pathways [106] .
Concluding remarks
Since its discovery about 10 years ago, the non-canonical NF-κB pathway has become a hot area of research. It is now clear that this pathway differs substantially from the canonical NF-κB pathway in not only the composition of IKK complex but also, more importantly, the signaling mechanisms. This knowledge has opened new opportunities for drug therapies in the treatment of NF-κB-associated diseases, such as cancers. However, a number of outstanding questions are yet to be addressed for better understanding of the mechanism of non-canonical NF-κB signaling and for exploiting this pathway in therapeutic approaches.
One major question is how NIK and IKKα stimulate p100 processing. It is remarkable that the currently known non-canonical NF-κB inducers are all dependent on NIK. Is IKKα activation solely mediated by NIK or is active IKKα insufficient for triggering p100 processing without NIK? In other words, does NIK induce any other signaling factors that synergize with IKKα? Another question is about the mechanism of NIK activation. Is receptor-induced TRAF2/3 degradation and NIK accumulation the primary mechanism of NIK activation? Does NIK have to be recruited to receptors for its activation? Missing links also exist regarding the functions of non-canonical NF-κB. The currently known functions of this pathway are limited to a few cell types. Generation of conditional knockout mice is critical for systemically assessing the functions of this pathway in different cell types. Another future challenge is to understand the mechanism that mediates the specificity of non-canonical NF-κB in gene induction. Better understanding of these problems will help design more specific and efficient NF-κB-based therapies.
